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Surface expressionStromal interaction molecule 1 (STIM1) senses depletion of ER–Ca2+ store and clusters in ER–PM junctions
where it associates with and gates Ca2+ inﬂux channels, Orai1 and TRPC1. Clustering of TRPC1 with STIM1 and
Orai1 in these junctions is critical since Orai1-mediated Ca2+ entry triggers surface expression of TRPC1 while
STIM1 gates the channel. Thus, plasma membrane function of TRPC1 depends on the delivery of the channel to
the sites where STIM1 puncta are formed. This study examines intracellular trafﬁckingmechanism(s) that deter-
mine plasma membrane expression and function of TRPC1 in cells where Orai1 and TRPC1 are endogenously
expressed and contribute to Ca2+ entry.We report that TRPC1 is internalized by Arf6-dependent pathway, sorted
to Rab5-containing early endosomes, and trafﬁcked to ER–PM junctions by Rab4-dependent fast recycling. Over-
expression of Arf6, or Rab5, but not the respective dominant negative mutants, induced retention of TRPC1 in
early endosomes and suppressed TRPC1 function. Notably, cells expressing Arf6 or Rab5 displayed an inwardly
rectifying ICRAC current that ismediated byOrai1 instead of TRPC1-associated ISOC, demonstrating that Orai1 func-
tion was not altered. Importantly, expression of Rab4, but not STIM1, with Rab5 rescued surface expression and
function of TRPC1, restoring generation of ISOC. Together, these data demonstrate that trafﬁcking via fast recycling
endosomes determines TRPC1–STIM1 clustering within ER–PM junctions following ER–Ca2+ store depletion
which is critical for the surface expression and function of the channel. Ca2+ inﬂux mediated by TRPC1modiﬁes
Ca2+-dependent physiological response of cells.
Published by Elsevier B.V.1. Introduction
Dynamic regulation of cytosolic [Ca2+] ([Ca2+]i) generates critical
Ca2+ signals that are involved in regulation of cellular functions, such
as ﬂuid secretion, gene transcription, cell proliferation and cell death.
The amplitude as well as the temporal and spatial characteristics, of
the Ca2+ signals exert acute and long term effects [1,2]. [Ca2+]i
increases typically depend on intracellular Ca2+ release, from the endo-
plasmic reticulum (ER) Ca2+ store, as well as extracellular Ca2+ entry
via plasma membrane channels. Store-operated calcium entry (SOCE)
has been identiﬁed as a fundamental Ca2+ entry pathway that provides
sustained [Ca2+]i increase required for regulation of critical cellular
functions [3–5]. SOCE is activated following stimulation of plasmaER, Endoplasmic reticulum; PM,
tial canonical 1; Arf6, ADP-
; SOCE, Store-operated calcium
ositol 1,4,5-triphosphate; IP3R,
store-operated Ca2+ current;
g, Thapsigargin; BFA, brefeldin;
; TGN, trans-golgi network.
CR, NIH, Bethesda, MD 20892,
ar).membrane receptors coupled to phosphatidylinositol 4,5-bisphosphate
(PIP2) hydrolysis, inositol 1,4,5-triphosphate (IP3) generation, and IP3
receptor (IP3R)-mediated Ca2+ release from the ER. The primary trigger
for SOCE activation is the depletion of ER–Ca2+ stores that is sensed by
the ER–Ca2+ binding protein, STIM1 [6–8]. STIM1 responds to store
depletion by aggregating and translocating to ER–plasma membrane
(ER–PM) junctions where it interacts with and activates the channels
mediating SOCE [9,10]. Among the channels that are activated by
STIM1 are Orai1, the pore-forming subunit of the Ca2+ release-
activated Ca2+ (CRAC) channel, which generates an inwardly rectifying
and highly Ca2+-selective current called ICRAC [11–16] and the Transient
Receptor Potential Canonical 1 (TRPC1), which generates a relatively
linear, non-selective, cation current termed store-operated Ca2+ cur-
rent (ISOC) [5,17–19]. TRPC1 does not contribute to SOCE in all cell
types. For example, Ca2+ store depletion in T lymphocytes, RBL and
mast cells, results in the generation of ICRAC, demonstrating that Orai1
is the primary SOCE channel. ISOC is a relatively linear current which is
most likely a sumofOrai1/STIM1-mediated andTRPC1/STIM1-mediated
currents. True TRPC1 currents have not yet been described.
TRPC1 has been reported to be required for a variety of cellular func-
tions, including secretion in salivary gland and pancreatic acinar cells,
cell proliferation, synaptic plasticity and wound healing [2,20–26]. Our
previous studies have shown that TRPC1 knockout (TRPC1−/−) mice
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with an attenuation in SOCE in salivary gland acinar cells [22]. Pancreat-
ic acinar cells from these mice also display decreases in protein secre-
tion and SOCE [26]. Further, we have shown that in cells where both
TRPC1 and Orai1 are present and contribute to SOCE, Ca2+ inﬂuxmedi-
ated by them generate distinct global and local intracellular Ca2+
signals that are utilized for regulation of distinct cellular functions,
with TRPC1 contributing to more sustained [Ca2+]i elevations while
Orai1 controls [Ca2+]i oscillations [27]. Orai1-mediated Ca2+ entry is
sufﬁcient for the activation of NFAT. On the other hand, TRPC1 function
is associated with activation of Ca2+-dependent K+ channel as well as
NF-κB. Thus differential regulation of Orai1 and TRPC1 function can
signiﬁcantly change the physiological response of cells
It is now well established that STIM1 is the primary regulator of
SOCE. STIM1 gates Orai1 by the STIM1-SOAR domain while it gates
TRPC1 via an electrostatic interaction of its C-terminal 684KK685 residues
with 639DD640 in C-terminal-TRPC1 [28–31]. Cells expressing both chan-
nels display a linear ISOC current which most likely is a sum of the rela-
tively larger TRPC1-mediated current and a smaller Orai1-mediated
ICRAC. Suppression of TRPC1 function unmasks an underlying ICRAC cur-
rent [32]. Importantly, knockdown of Orai1 leads to complete loss of
SOCE, including the contribution by TRPC1 suggesting that STIM1
alone is insufﬁcient to support TRPC1 function. The role of Orai1 in reg-
ulation of TRPC1 function was elucidated in our previous study which
demonstrated that Orai1-mediated Ca2+ inﬂux triggers plasma mem-
brane insertion of TRPC1 where it is gated by STIM1 [32]. Our ﬁndings
showed that store-depletion induced an increase in the surface expres-
sion of TRPC1, which is prevented by the knockdown of Orai1, expres-
sion of a non-functional Orai1 mutant (Orai1-E106Q), removal of
extracellular Ca2+ or inhibition of Ca2+ inﬂux with Gd3+. Orai1-
mediated regulation of TRPC1 surface expression is facilitated by the re-
cruitment of TRPC1 into a complex with STIM1 and Orai1 following
store depletion. TIRFM measurements demonstrate an increase in
TRPC1–STIM1 clustering in the ER–PM junctions following stimula-
tion. Further, TRPC1, Orai1, and STIM1 colocalize when all three pro-
teins are expressed together. This is also supported by biochemical
evidence showing co-immunoprecipitation of the three proteins fol-
lowing cell stimulation. Note that Orai1 is not required for TRPC1–
STIM1 clustering although STIM1 clustering in the ER–PM junctions is
critically required for the clustering of Orai1 and TRPC1. Once inserted
into the plasma membrane TRPC1 is gated by STIM1. Importantly,
STIM1 alone is not sufﬁcient to induce plasma membrane insertion of
TRPC1, a critical requirement for the function of TRPC1. However, inter-
action of TRPC1with STIM1 likely helps to retain the channel within the
plasma membrane in stimulated cells. Together, these previous data
suggest that TRPC1 translocation to the region of the cells where
STIM1 puncta are formed in response to Ca2+-store depletion is a crit-
ical determinant of its plasma membrane function. However, the in-
tracellular trafﬁcking pathway(s) thatmediates this targeting of TRPC1
to STIM1–Orai1 in ER–PM junctions is not yet known.
Herein, we have identiﬁed key components involved in intracellular
trafﬁcking of endogenous TRPC1 channels. Our data demonstrate a
pivotal role for Arf6 and Rab5 in the internalization of TRPC1 from the
plasma membrane. We show that disruption of the normal endocytic
trafﬁcking leads to aberrant accumulation of TRPC1 in the early
endosomal compartment with a consequent reduction in surface
expression and function of TRPC1. Importantly, we report that Rab4
controls the recycling of TRPC1 to the plasma membrane via the fast
recycling pathway. Overexpression of Rab4 but not STIM1 nor Rab11
rescues TRPC1 from Rab5-endosomes and routes them to STIM1 puncta
in ER–PM junctions. In summary, these ﬁndings reveal the molecular
mechanisms that determine the trafﬁcking of TRPC1 to speciﬁc ER–PM
junctions where STIM1 clusters and Orai1/STIM1 channels are assem-
bled after ER–Ca2+ store depletion. We suggest that Rab4-dependent
rapid recycling trafﬁcs TRPC1 to these domains and determines cluster-
ing of the channel with STIM1. Localization of TRPC1 in this domain iscritical for Orai1-dependent insertion of the channel into the plasma
membrane, activation by STIM1, and regulation of speciﬁc Ca2+-
dependent cellular functions.
2. Materials and methods
2.1. Cell culture, RNAi transfection and reagents
HSG and HEK293 cells were cultured in EMEMmedia supplemented
with 10% heat-inactivated fetal bovine serum, 1% glutamine and 1%
penicillin/streptomycin. Sequence for siClathrin targeting to human
clathrin heavy chain (chc-2) was similar to previously described
sequence [33] and obtained fromDharmacon (Lafayette, CO,USA). Lipo-
fectamine RNAiMAX (Invitrogen, Life Technologies, Carlsbad, CA, USA)
was used for siRNA transfections. Mock transfections of control cells
were conducted using siRNA Negative Control (Invitrogen). Cells were
typically used 48 h post-transfection. All other reagents used were of
molecular biology grade obtained from Sigma-Aldrich (St Louis, MO,
USA) unless mentioned otherwise.
2.2. Plasmids and transient transfection
GFP–Rab5 and mutants, Rab4–EGFP and mutants plasmids were
kind gifts from Julie Donaldson (NHLBI, NIH, Bethesda, MD, USA) and
Robert Lodge (Université Laval, Quebec City, Canada), respectively.
Orai1–YFP and mCherry–STIM1 were kind gifts from Tamas Balla
(NICHD, NIH, Bethesda, MD, USA) and Richard Lewis (Stanford Univer-
sity, Stanford, CA, USA), respectively. GFP-Dynamin2 and -Dynamin2
K44A, ARF6–CFP and mutants, EGFP–Rab7 and mutants and GFP–
Rab11 and –Rab11S25N plasmids were obtained from Addgene
(Cambridge, MA, USA). For transfection, cells were transfected using
Lipofectamine 2000 (Invitrogen). Experiments were performed 24–48 h
post-transfection.
2.3. Antibodies
Rabbit polyclonal antibody to TRPC1 was produced against C-
terminal epitope LYDKGYTSKEQKD and puriﬁed by Thermo Scientiﬁc
(Rockford, IL, USA). This antibody has been veriﬁed to recognize endog-
enous and exogenously expressed TRPC1 [34]. Mouse monoclonal
antibodies anti-EEA1 and anti-GM-130were purchased from BD Biosci-
ences (San Jose, CA, USA). Rabbit polyclonal antibody anti-actin was
purchased from Abcam (Cambridge, MA, USA). Goat polyclonal anti-
Clathrin HC was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Fluormount Gwith DAPI (ElectronMicroscopy Sciences,
Hatﬁeld, PA, USA) was used to stain the nucleus.
2.4. [Ca2+]i measurements
Fura-2 ﬂuorescence was measured in single HSG and HEK293 cells
cultured for 24 h in glass-bottomed MatTek tissue culture dishes
(MatTek Corp. Ashland, MA, USA) and transfected as required; experi-
ments were done 24–48 h post-transfection. Cells were loaded with
5mMFura-2 (Invitrogen) for 30min at 37 °C. Fluorescence was record-
ed using a Till Photonics Polychrome V spectroﬂuorimeter (FEI, Hills-
boro, OR, USA) and MetaFluor imaging software (Molecular Devices,
Sunnyvale, CA, USA) on an Olympus IX21microscope (Olympus, Center
Valley, PA, USA). All experimentswere performed at 37 °C. Each ﬂuores-
cence trace (340/380 nm ratio) represents an average from at least
50–200 cells from 6 individual experiments.
2.5. Electrophysiology
CoverslipswithHSG cells were transferred to the recording chamber
and perfused with Ca2+ containing standard external solution (Ca2+-
SES) with the following composition (in mM): NaCl-145; KCl-5;
2711L.B. de Souza et al. / Biochimica et Biophysica Acta 1853 (2015) 2709–2721MgCl2-1; CaCl2-1; Hepes-10; glucose-10; pH 7.4 (NaOH). The patch
pipette had resistances between 3–5mΩ afterﬁllingwith a standard in-
tracellular solution that contained the following (in mM): CsMS-145;
NaCl-8; MgCl2-10; Hepes-10; EGTA-10; pH 7.2 (CsOH). Osmolarity for
all the solutions was adjusted with mannose to 300 mOsm using a
vapor pressure Osmometer (Wescor, Logan, UT, USA). All electrophysi-
ological experiments were performed in the tight-seal whole cell
conﬁguration at room temperature (22–25 °C) using an Axopatch
200B ampliﬁer (Molecular Devices). Development of the current was
assessed by measuring the current amplitudes at a potential of
−80 mV, taken from high resolution currents in response to voltage
ramps ranging from−90 to 90 mV over a period of 100 ms imposed
every 2 s (holding potential was 0 mV) and digitized at a rate of
1 kHz. Liquid-junction potentials were less than 8 mV and were not
corrected. Capacitative currents and series resistance were determined
and minimized. For analysis, the current recorded during the ﬁrst
ramp was used for leak subtraction of the subsequent current records.
Thapsigargin (Tg) 1 μM was dissolved in the bath solution and, was
used to stimulate the cells.
2.6. TIRF microscopy
TIRF microscopy experiments were performed in HEK293 cells
cultured for 24 h in glass-bottomed MatTek tissue culture dishes
and transfected as required; experiments were done 24 h post-
transfection. TIRF microscopy was conducted using an Olympus IX81
motorized inverted microscope (Olympus) using 447, 488, 514 and
568 nm lasers for excitation of CFP, GFP, YFP and mCherry respectively,
a TIRF-optimizedOlympus Plan APO60x (1.45 NA) oil immersion objec-
tive and Lambda 10-3 ﬁlter wheel (Sutter Instruments, Novato, CA,
USA) containing 480-band pass (BP 40 m), 525-band pass (BP 50 m),
540-band pass (BP 30m) and 605-band pass (BP 52 m) ﬁlters for emis-
sion. Images were collected using a Q-Imaging Rolera em-c2 camera
(Photometrics, Tucson, AZ) and the MetaMorph imaging software
(Molecular Devices). MetaMorph was also used to do line scan mea-
surements before and after stimulation with thapsigargin. These arbi-
trary ﬂuorescence values were then plotted using the Origin 8.6
software (OriginLab, Northampton, MA).
2.7. Cell surface biotinylation and Western blot
HSG cells were transfected as required. For stimulation experiments,
cells were pretreated with 1 μM Tg in the presence of extracellular cal-
cium for 5 min at 37 °C. The cells were then incubated for 30 min with
1.5 mg/ml Sulfo-NHS-LC-Biotin (Thermo Scientiﬁc) in phosphate-
buffered saline (PBS, pH 8.0) on ice. Following biotin labeling, cells
werewashed andharvested in RIPA buffer supplementedwithHalt Pro-
tease Inhibitor Cocktail (Thermo Scientiﬁc). Lysates were centrifuged at
18,000 ×g for 30min at 4 °C and the supernatantwas collected and used
to pull down biotinylated proteins with NeutrAvidin-linked beads
(Thermo Scientiﬁc). The IP Avidin fraction was released from the
beads by incubating in SDS-sample buffer and resolved in 4–12%
NuPAGE gels (Invitrogen) followed by Western blotting. Anti-TRPC1
and anti-actin were used at 1:5000 dilutions.
2.8. Drug treatments
Treatments with brefeldin (BFA), monensin and baﬁlomycin were
carried out in HSG cells incubated at 37 °C for 30 min and 1 h (BFA)
and 30 min (monensin and baﬁlomycin).
2.9. Transferrin uptake
Cells grown on glass coverslips were serum-starved for 30 min at
37 °C in EMEM containing 0.5% bovine serum albumin (BSA), and then
incubated with 25 μg/ml transferrin (Tfn) from human serumAlexa633 conjugate (Invitrogen) for 30min at 37 °C. At the end of incu-
bation, plasma membrane-associated Tfn was removed by rinsing the
cells in low pH solution (0.5% acetic acid, 0.5 M NaCl, pH3.0). Cells
were then ﬁxed with 3% formaldehyde (Electron Microscopy Sciences)
in PBS at 4 °C for 15 min, rinsed and mounted on a glass slide. All the
imageswere obtained using FluoView FV1000 confocal scanningmicro-
scope system (Olympus).
2.10. Immunoﬂuorescence and confocal analysis
HSG cells were seeded on glass coverslips and transfected as re-
quired. For stimulation experiments, cells were pretreated with 1 μM
Tg in the presence of extracellular Ca2+ for 5 min at 37 °C. After the
treatments, the cells were rinsed in PBS, ﬁxed with 3% formaldehyde
(Electron Microscopy Sciences) in PBS on ice for 15 min, rinsed, and
stained with primary antibodies diluted in PBS containing 1% BSA and
0.05% saponin for 1 h at room temperature. After incubation, the cells
were rinsed thoroughly in 0.05% saponin in PBS and subsequently incu-
bated for 30 min at room temperature with the appropriate secondary
antibodies diluted in PBS containing 1% BSA and 0.05% saponin. Finally,
the cells were rinsed in PBS and coverslips mounted with Fluormount G
with DAPI (Electron Microscopy Sciences).
2.11. Statistics
Data analysis was performed using Origin 8.6 (OriginLab Corpora-
tion) and GaphPad Software, La Jolla, CA, USA). Statistical comparisons
between two groups were made using the Student's t-test, whereas
comparisons of multiple groups were made using ANOVA followed by
multiple comparisons tests as indicated in the ﬁgure legends. Experi-
mental values are expressed as mean ± SEM. Differences in the mean
values were considered to be signiﬁcant at P b 0.05.
3. Results
3.1. Rab5 impacts TRPC1 function and association with STIM1
Rab5 is a small GTPase that functions in the endocytic pathway to in-
ternalize proteins from the plasmamembrane into the early endosomes
(EEs) [35,36]. In the present study, we have examined the involvement
of Rab5 in the plasma membrane localization and function of endoge-
nous TRPC1 channels in the human salivary gland cell line, HSG. Our
previous studies with these cells have provided substantial evidence
to demonstrate the regulation of TRPC1 following ER-Ca2+ store deple-
tion and its contribution to SOCE. The data in Fig. 1 show that expression
of Rab5WT and Rab5Q79L (constitutive active mutant) in HSG cells re-
duced Tg-induced SOCE, with signiﬁcant decreases (about 40–50%) in
peak and sustained [Ca2+]i increases. No signiﬁcant decrease was de-
tected in cells expressing Rab5S34N (dominant negative mutant,
Fig. 1A, B; note that the Rab5 proteins were tagged with GFP which
was used for selecting cells in the functional experiments, i.e., fura2
ﬂuorescence as well as whole cell path clamp measurements. Control
cells were transfected with an empty vector containing only GFP).
The effect of Rab5 on SOCE was further examined by whole cell
patch clamp experiments. According to our previous ﬁndings, Tg stimu-
lation of HSG cells leads to generation of a relatively Ca2+-selective
current, ISOC, which is a sum of TRPC1 and Orai1-mediated currents.
Suppression of TRPC1 by expression of an shRNA vector or channel ac-
tivation by expression of STIM1684EE685 (STIM1 mutant that lacks
ability to gate TRPC1) in cells results in activation of the highly Ca2+
-selective Orai1-mediated current, ICRAC, in response to Tg-induced
Ca2+ store depletion [32]. This residual current was not detected if
Orai1 was also knocked down in the cells. As shown in Fig. 1C (i and
iii, average values shown in inset) andD, ISOCwas generated in response
to Tg stimulation of cells expressing Rab5S34N, similar to that seen in
control cells. In contrast, cells expressing Rab5WT or Rab5Q79L
Fig. 1. Effect of Rab5 on TRPC1 function. (A) Fura2 ﬂuorescence measurements (representing [Ca2+]i) in HSG cells expressing GFP–Rab5WT, GFP–Rab5S34N, and GFP–Rab5Q79L. Traces
show changes in 340/380 ﬂuorescence ratio in cells perfused with Ca2+-free medium + Tg (to determine intracellular Ca2+ release) followed by Ca2+-containing medium+ Tg (indi-
cating Ca2+ inﬂux), changes in medium are indicated by arrows. Data represent average values normalized to the initial ﬂuorescence (Ft/F0) and represent results obtained from at
least six experiments. (B) Bar graphs showquantitation of Ca2+ inﬂux, resting 340/380was subtracted frompeak and sustained (at 600 s) ﬂuorescence (Ft− F0). Values are shown relative
to the increase in ﬂuorescence in control cells transfectedwith GFP. (*** and ** denote P b 0.0001 and P=0.0013, respectively. Dunnett'sMultiple Comparisons Test, 50–200 cells for each
condition from six different experiments). (C)Whole cell patch clamp recordings (details of conditions provided inMaterials andmethods) in cells transfectedwith the various Rab5 con-
structs described above. Left panel shows development of currents in cells following addition of Tg in normal external solution (traces depict currents measured at−80 mV; note
differences in scale). (D) Right panel shows I–V relationship of the maximum currents recorded. Inset shows average current densities measured at−80 mV in N5 cells from multiple
experiments for each condition. (* indicates P b 0.05).
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nounced decrease in the outward current (Fig. 1Cii and iv, and inset).
The current detected in these cells was inwardly rectifying and resem-
bled ICRAC (Erev N +60 mV) (Fig. 1D). These data suggest that TRPC1
function was suppressed in cells expressing Rab5WT and Rab5Q79L,
but not in cells expressing the dominant negative inactive mutant. Ad-
ditionally, expression of shTRPC1 results in generation of ICRAC instead
or ISOC and co-expression of Rab5 or Arf6 did not induce any further
change in the current properties (Supplementary Fig. 1A).
To conclusively demonstrate that Rab5 impacts TRPC1 function,
HEK293 cells were co-transfected with TRPC1, STIM1 and the various
Rab5 constructs. Similar to the ﬁndings with HSG cells, a 35–40%
decrease in Tg-stimulated Ca2+ entry was seen in cells co-expressing
TRPC1 + STIM1 with either Rab5WT or Rab5Q79L (Supplementary
Fig. 1B), and signiﬁcantly less decrease with the dominant negative
mutant. Assembly of functional Orai1/STIM1–CRAC channels is a critical
requirement for TRPC1 function following ER–Ca2+ store depletion.
To rule out the possibility that the Rab5-induced decrease in SOCE is
due to effects on Orai1/STIM1 function, Rab5 constructs were co-
expressed with Orai1 + STIM1 in HEK293 cells. Supplementary Fig. 1C
demonstrates that Tg-induced Ca2+ inﬂux were not signiﬁcantlydifferent in cells expressing Orai1 + STIM1 together with either
Rab5WT, Rab5S34N or Rab5Q79L as compared to cells expressing
Orai1 + STIM1. Thus, Rab5 does not appear to alter Ca2+ entry mediat-
ed supported by Orai1 + STIM1. Together, these data suggest that Rab5
primarily affects TRPC1 function, but not Orai1 function.
3.2. Targeting of TRPC1 to Rab5-containing early endosomes decreases
plasma membrane recruitment and function
STIM1 mobilization and clustering in response to ER–Ca2+ store de-
pletion was assessed using TIRF microscopy. In control cells, TRPC1 and
STIM1 co-clustered after stimulation (Fig. 2A and Supplementary Video
1). However, in cells co-expressing Rab5WT, TRPC1 failed to form
puncta although STIM1 puncta formation was similar to that in control
cells (Fig. 2B and Supplementary Video 2). Further, diffuse signal of
TRPC1which is detected at TIRFM level inmost cells prior to stimulation
appeared to be reduced in cells expressing Rab5. These ﬁndings suggest
that Rab5 decreases the recruitment of TRPC1 to ER–PM junctions and
clustering of the channel with STIM1.
Since activation of TRPC1 by STIM1 is critically dependent on plasma
membrane insertion of the channel in response to stimulation, we
Fig. 2.Rab-5mediated retention of TRPC1 in early endosomes suppresses TRPC1 clusteringwith STIM1 andplasmamembrane recruitment. (A, B) Clustering of CFP–STIM1 andYFP–TRPC1
in control andmcherry–Rab5-expressing HEK293 cells before (−Tg) or 5min after Ca2+-store depletion (+Tg) detected by TIRFM. Overlay is themerge of STIM1 and TRPC1. Panel below
the TIRFM images show line scans (indicated in the images) demonstrating clustering of the two proteins. (C) Detection of TRPC1 in the biotinylated fraction from control cells and
Rab5WT-expressing cells, before and 5 min after Tg treatment. (D) Quantiﬁcation of co-localization between TRPC1 and EEA1 in resting and Tg-treated cells using Pearson's Correlation
Coefﬁcient. Data represent results from 16 cells for each condition. (P b 0.05, Sidak's Multiple Comparisons Test). (E) Localization of endogenous TRPC1 (green) and EEA1 (red) in resting
and Tg-treated cells. Overlay is themerge of TRPC1 and EEA1. Insets show enlarged areasmarked in the images. (F) Overlay images of EEA1 (red) and endogenous TRPC1 (green) in resting
and Tg-treated cells overexpressing Rab5WT and Rab5Q79L (constitutively active mutant). Insets show enlarged images of the marked areas. The images in E and F are representative of
images used for quantitation of co-localization between endogenous TRPC1 and EEA1.
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expressing Rab5WT. As shown in Fig. 2C, the level of TRPC1 in the bio-
tinylated fraction increases in response to Tg stimulation in control
cells. Importantly, in cells expressing Rab5WT, the surface expression
of TRPC1 was lower than that in control cells even prior to stimulation
and was not increased by Tg stimulation. These data are consistentwith the reduction of STIM1–TRPC1 clustering as well as the loss of
TRPC1 function in Rab5WT-expressing cells in response to stimulation.
To further clarify the effect of Rab5 on TRPC1 function and surface ex-
pression, we examined association of endogenous TRPC1 and the EE
compartment in HSG cells expressing Rab5 proteins. Quantiﬁcation of
the co-localization between TRPC1 and EEA1, a marker of EE, showed
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signiﬁcantly after Tg treatment, consistent with the appearance of
TRPC1 in the plasma membrane region (Fig. 2D, E). However, in the
case of Rab5WT or Rab5Q79L expressing cells, there was signiﬁcantly
more co-localization between TRPC1 and EEA1 compared to control
cells even prior to stimulation and there was no change in the co-
localization level after stimulation (Fig. 2D, F and Supplementary
Fig. 1D–F). These data suggest that overexpression of Rab5WT or the
constitutively active mutant increases the retention of TRPC1 in the EE
compartment while decreasing its appearance in the plasma mem-
brane. These data suggest that TRPC1 recycles via Rab5-dependent EE.
Clustering of TRPC1 with STIM1 within ER–PM junctions as well as its
recruitment into the plasma membrane and activation will depend on
trafﬁcking of the channel out of this compartment while endocytosis
will determine its internalization from the plasmamembrane and deliv-
ery to EE.3.3. Endocytosis of TRPC1 is mediated by Arf6
Several endocytic pathways could mediate the internalization of
TRPC1 from the plasma membrane, such as the clathrin- or caveolin-
mediated pathways. Dynamin-2 (Dyn2), an essential GTPase responsi-
ble for the scission of newly formed vesicles from theplasmamembrane,
is involved in both pathways [37,38]. However, expression of Dyn2WT
or Dyn2K44A, a dominant negative mutant which lacks the GTPase ac-
tivity, did not affect the Tg-induced Ca2+ entry in HSG cells (Supple-
mentary Fig. 2A). Further, knockdown of the clathrin heavy chain did
not affect Tg-induced Ca2+ entry (Supplementary Fig. 2B) and there
was no co-localization of TRPC1with clathrin, either in resting or stimu-
lated cells (Supplementary Fig. 2C). Additionally, our previous studies
demonstrate that plasma membrane localization of TRPC1 is disrupted
when caveolin1 is knocked down in HSG cells [39], suggesting that it
scaffolds TRPC1 in the membrane. Together, the present and our previ-
ous ﬁndings suggest that it is unlikely that TRPC1 is internalized via a
caveolin-, clathrin-, or dynamin-dependent mechanism(s).
The small GTPase, Arf6, mediates an endocytic pathway that is inde-
pendent of dynamin and clathrin. In contrast to Dyn2WT, overexpres-
sion of Arf6WT signiﬁcantly decreased Tg-induced Ca2+ inﬂux with as
32% reduction in peak [Ca2+]i and 54% decrease in sustained [Ca2+]i el-
evation when compared to control cells. Similar decreases in both the
peak and sustained [Ca2+]i elevation were seen in cells transfected
with Arf6Q67L (a constitutively active mutant). However, Arf6T27N
(dominant negative mutant) did not affect SOCE (Fig. 3A). Additionally,
patch clamp experiments showed that expression of Arf6WT and
Arf6Q67L in cells led to suppression of TRPC1-mediated ISOC in HSG
cells, resulting instead in generation of ICRAC in response to Tg
stimulation. In contrast, cells expressing the dominant negativemutant,
Arf6T27N displayed an ISOC that was similar to that seen in control cells
(Fig. 3B, C, and also see inset).
These data suggest that TRPC1 might be internalized via Arf6-
dependent mechanism. To conﬁrm this suggestion, biotinylation ex-
periments were performed in control cells and cells expressing Arf6.
As shown earlier, there was an increase in the surface expression of
TRPC1 following Tg stimulation of control HSG cells. However, this
increase was attenuated in Arf6-expressing cells (Fig. 3D). To dem-
onstrate that TRPC1 trafﬁcking to the plasmamembrane is disrupted,
we examined STIM1–TRPC1 association by TIRFM.While both TRPC1
and STIM1 co-clustered in response to Tg stimulation in control cells,
only STIM1 clusters were detected in cells expressing Arf6 (Supple-
mentary Videos 1 and 2). Furthermore, the diffuse pattern of TRPC1
that is normally seen in the subplasma membrane region was also
much reduced in TRPC1 + STIM1 cells co-expressing Arf6 (Fig. 3E, F
and Supplementary Videos). In aggregate, these data demonstrate
that Arf6 regulates the plasma membrane expression and function of
TRPC1.3.4. Rab4 regulates the trafﬁcking of TRPC1 to the plasma membrane via
fast recycling pathway
Trafﬁcking of proteins from EEs to the plasma membrane could in-
volve either fast or slow recycling mechanisms that are mediated by
Rab4 and Rab11, respectively. We assessed the involvement of the fast
recycling pathway in TRPC1 trafﬁcking by overexpressing Rab4WT or
Rab4Q67L (the constitutively active mutant). In either case, peak
[Ca2+]i increase seen following Tg-stimulation was similar to that in
control cells. However, the sustained [Ca2+]i elevation was signiﬁcantly
increased by 40% and 32%, respectively, as compared to control cells. On
the other hand, Rab4T22N (dominant negative mutant) cells did not
have any effect on the peak [Ca2+]i increase but did reduce the
sustained [Ca2+]i increase by 40% (Fig. 4A, B). Patch clamp experiments
show that Rab4WT cells display ISOC when treated with Tg (Fig. 4C, D).
In addition, immunoﬂuorescence labeling of TRPC1 and Rab4 demon-
strated some co-localization between the channel and Rab4-vesicles
(Fig. 4E, inset).
Our data rule out the involvement of Rab11-mediated slow recycling
pathway in TRPC1 trafﬁcking. HSG cells overexpressing Rab11WT and
Rab11S25N (dominant negative mutant) displayed similar SOCE as
that in control cells (Supplementary Fig. 3A). Another mode of trafﬁck-
ing is mediated by the small-GTPase Rab7 that modulates trafﬁcking
from late endosomes to lysosomes [40]. Transfection of HSG cells with
Rab7WT, Rab7T27N (dominant negative mutant) and Rab7Q67L (con-
stitutive active mutant) constructs did not induce any change in SOCE
(Supplementary Fig. 3B). In addition, neutralization of acidic vesicles
by treatment with baﬁlomycin or monensin did not have any effect on
Ca2+ inﬂux (Supplementary Fig. 3C, D), although both treatments im-
paired transferrin trafﬁcking to acidic vesicles (Supplementary
Fig. 3E).We also tested possible involvement of the retrograde pathway
where the protein ﬁrst translocates to the trans-golgi network (TGN)
and from there to the plasmamembrane by treating cells with brefeldin
A (BFA), a drug that disrupts the structure and function of the Golgi ap-
paratus. Although the treatment induced the redistribution of the Golgi
through the cell (Supplementary Fig. 3F), it did not have a signiﬁcant
effect on SOCE (Supplementary Fig. 3G).
3.5. STIM1 is not sufﬁcient to rescue TRPC1 from EE
Aswe have reported earlier, in response to store depletion TRPC1 as-
sembles in a complex with Orai1 and STIM1 within ER–PM junctions.
The assembly of this complex is dependent on STIM1 and is critical for
the insertion of TRPC1 into the plasma membrane and its activation
[32]. Caveolin 1 (Cav1) is a cholesterol-binding protein that is localized
in the plasma membrane of HSG cells. When Cav1 is overexpressed, it
scaffolds TRPC1, suppressing channel clustering and activation by
STIM1 [41]. Overexpression of STIM1, relative to Cav1, overcomes the
inhibitory effect by displacing Cav1 from TRPC1 and leads to rescue of
channel function [39]. Thus, we assessedwhether STIM1 could be a lim-
iting factor in recycling of TRPC1. Expression of STIM1 in HSG cells did
not affect the amplitude or pattern of outward and inward currents
(Fig. 5A, B) and neither was there any effect on surface expression of
TRPC1 (Fig. 5C). These data are consistent with our previous report
where we showed that STIM1 alone is not sufﬁcient for increasing the
surface expression of TRPC1 [32]. Importantly, in cells expressing
Rab5WT, co-expression of STIM1 induced an increase in ICRAC but did
not increase the outward currents (Fig. 5 D, E). Thus, there was no res-
cue of TRPC1 function indicating that the channel did not translocate
to the ER–PM junctions. In contrast, co-expression of STIM1 with Rab4
signiﬁcantly increased both outward and inward currents, suggesting
the presence of functional TRPC1 channel in the plasma membrane
(Fig. 5F, G). These ﬁndings are consistent with the decrease in STIM1-
TRPC1 clustering in cells expressing Rab5 (Fig. 2A, B) and further
support the suggestion that Rab5 increases retention of TRPC1 in EE
where it is not accessible to STIM1.
Fig. 3. Effect of Arf6 on TRPC1 activity and plasma membrane expression. (A) Right panel shows Fura-2 ﬂuorescence (340/380 ratio, indicating [Ca2+]i) changes in control cells and cells
overexpressing Arf6WT, Arf6T27N, and Arf6Q67L stimulated with Tg in a Ca2+-free medium followed by perfusion with medium containing Tg and Ca2+ (shown by arrows). Left panel
shows average data for initial peak and sustained [Ca2+]i increases (Ft− F0 relative) relative to the values obtained in control cells. Data were obtained from six different experiments and
include at least 50–200 cells for each condition (P b 0.05, Dunnett's Multiple Comparisons Test) (B) Traces show development of currents in cells expressing various Arf6 constructs fol-
lowing addition of Tg innormal external solution. (C) I–V relationship of themaximumcurrents recorded for the currents shown inB. The inset shows average current densities of at least 5
cells frommultiple experiments for different conditions at holding potential of−80 mV. (* indicates P b 0.05) (D) Detection of TRPC1 in the biotinylated fraction from control cells and
Arf6WTexpressingHSG cells in resting condition or after 5min of Tg-treatment. (E, F) Clustering ofmCherry–STIM1 and YFP–TRPC1 inHEK293 cells co-expressing Arf6WT (−Tg) or 5min
after Ca2+-store depletion (+Tg) as seenby TIRFM. Overlay is themerge of STIM1 and TRPC1 images. The lower panel shows line scans (demarcated in the images) demonstrating protein
clustering under the two conditions.
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Rab5-expressing cells
We next assessed whether overexpression of Rab4 could rescue
TRPC1 function in Rab5-expressing cells. Co-expression of Rab5WTand Rab4WT, but not Rab11, signiﬁcantly increased SOCE as compared
to that in cells expressing Rab5WT alone (Fig. 6A, B). More importantly,
patch clamp measurements showed that while cells expressing
Rab5WT alone displayed ICRAC in response to store depletion, those
expressing Rab5WT + Rab4WT displayed an ISOC, similar to that seen
Fig. 4. Effect of Rab4mediated fast-recycling onTRPC1 function. (A) Fura2ﬂuorescencemeasurements in cells expressing Rab4WT, Rab4T22N, and Rab4Q67L constructs. Tg and Ca2+were
added as indicated. (B) Average data for Ca2+ inﬂux, peak and sustained [Ca2+]i, expressed relative to the value in control cells. Data were obtained from six experiments,with at least 50–
200 cells for each condition (** indicates P b 0.0001, Dunnett's Multiple Comparisons Test). (C) Whole cell patch clamp recording in cells overexpressing Rab4WT with development of
current in cells following addition of Tg in normal external solution, (D) panel shows I–V plot of the maximum current of a representative trace of at least 5 different cell recordings
from multiple day experiments. (E) Immunostaining of TRPC1 (green) and Rab4WT (red) in HSG cells. Overlay is the merge of TRPC1 and Rab4WT, and the inset shows co-localization
of proteins in an enlarged area marked by a white square.
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assays to determine the surface expression of endogenous TRPC1.
Consistent with the recovery of TRPC1 function, trafﬁcking of
TRPC1 to the plasma membrane was recovered in cells expressing
Rab5WT + Rab4WT (Fig. 6E). Together, these data demonstrate that
Rab4 mediates the forward trafﬁcking of TRPC1 from the EEs to plasma
membrane via the fast recycling pathway. Further, our ﬁndings suggest
that overexpression of Rab5 creates an imbalance in intracellular TRPC1
trafﬁcking by inducing retention of the channel in EEs. Co-expression of
Rab4 together with Rab5 compensates the effect of Rab5 and stimulates
forward trafﬁcking of TRPC1 to the cell surface. Once near the plasma
membrane region, TRPC1 the channel can be regulated by STIM1 and
Orai1.4. Discussion
The ﬁndings presented above reveal the molecular components
regulating intracellular trafﬁcking of TRPC1 in salivary epithelial cells
where the channel is endogenously expressed and contributes to
SOCE. Ourﬁndings show that endocytic fast recyclingmechanismdeter-
mines plasma membrane function of TRPC1 and thus has an important
role in the regulation of cellular functions that are dependent on TRPC1-
mediated Ca2+ entry. The data demonstrate that TRPC1 undergoes en-
docytosis by an Arf6-dependent mechanism and is then sorted to
Rab5-containing EEs. Further, we present evidence to show that
TRPC1 is recycled back to the plasma membrane via Rab4-dependent
fast recycling. It is now well established that STIM1 aggregates and
Fig. 5. Overexpression of STIM1 is not sufﬁcient to rescue TRPC1 function in cells expressing Rab5WT. Patch clamp measurements in control cells (A, B), cells expressing Rab5 (D, E), or
Rab4 (F, G). Effect of STIM1 overexpression in all three sets of cells (data presented in red). (C) Surface expression of TRPC1 in control HSG cells and cells transfected with STIM1. A, D,
and F show I–V relationship of the maximum currents recorded in each case. (B, E, G) Average currents measured in cells. Data represent results from three different experiments and
include at least 5–7 cells for each condition. * and ** indicate P b 0.05 and b0.01, respectively.
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tionwhere it interacts with and gates Orai1 and TRPC1 [32,42,43]. Addi-
tionally, TRPC1 co-clusters with Orai1/STIM1 within these junctions
and Ca2+ entry mediated by Orai1 triggers the plasmamembrane in-
sertion of TRPC1, where it is gated by STIM1. A major ﬁnding in this
study is that Rab4-dependent fast recycling routes TRPC1 towards
the plasma membrane and this is critical for TRPC1–STIM1 clustering
within ER–PM junctions following ER–Ca2+ store depletion (Fig. 7). Im-
portantly, our data show that STIM1 clustering andOrai1 function stim-
ulated in response to Ca2+ store depletion are not affected by these
trafﬁcking pathways. Thus, the endocytic recycling pathway we have
described here appears to selectively affect plasmamembrane localiza-
tion and function of TRPC1. We suggest that this recycling mechanism
will have signiﬁcant impact on speciﬁc cellular functions that are de-
pendent on TRPC1-mediated Ca2+ entry but not those that are depen-
dent on Orai1-mediated Ca2+ entry or STIM1 per se.
The present data show that endocytosis of TRPC1 from the plasma
membrane occurs by an Arf6-mediated pathway which is independent
of dynamin, caveolin, or clathrin. We show that expression of Arf6WT,
or the constitutively active mutant of Arf6, reduced SOCE due to sup-
pression of TRPC1 function, while the dominant negative mutant did
not induce any effect. This was demonstrated by the conversion of thecurrent from ISOC (mixture of TRPC1 and Orai1 currents) to ICRAC (only
Orai1 currents). Conclusive evidence for TRPC1 internalization by Arf6
is shown by the reduction in regulated trafﬁcking of TRPC1 to the plas-
mamembrane after store depletion. This ﬁnding is different from previ-
ous ﬁndings with TRPC3 and TRPC5 that are internalized via clathrin-
dependent pathway [44,45]. The variations in channel internalization
could be dictated by the differences in their regulatory mechanisms,
e.g., store-operated vs store-independent, which need to be clariﬁed
further. Our data further suggest that after internalization by Arf6,
TRPC1 is sorted to Rab5-containing EEs. Expression of Rab5WT or
Rab5Q79L, a constitutively active mutant, caused the channel to be
retained in the early endosomal compartment and not translocate to
the cell surface after store depletion. Consequently, SOCEwas decreased
and ICRAC was generated due to suppression of TRPC1 activity. This sug-
gests that the ﬁnal pool of TRPC1 that is available for regulated insertion
into the plasma membrane is controlled by intracellular trafﬁcking of
TRPC1. In Drosophila, translocation of TRPL channel from the rhabdo-
meres to the cell body in photoreceptor cells is also regulated by Rab5.
In ﬂies expressing the dominant negative form of Rab5, TRPL remains
in the rhabdomeres and does not translocate to the cell body upon illu-
mination [46]. It has been reported that Rab5 co-localizes with Orai1 in
oocytes and eggs and mediates Orai1 internalization during meiosis in
Fig. 6. Rab4 induces recovery of TRPC1 recycling to the plasmamembrane in cells expressing Rab5. (A) [Ca2+]i measurements in fura-2 loaded cells overexpressing Rab5WT, Rab4WT and
Rab11WT. Tg and Ca2+were added as indicated, values in traces were normalized to the initial ﬂuorescence (Ft/F0). (B) Bar graphs show quantitation of Ca2+ inﬂux, resting 340/380was
subtracted from peak and sustained (at 600 s) ﬂuorescence (Ft− F0). Values are shown relative to the increase in ﬂuorescence in control cells transfected with GFP (P b 0.05, Dunnett's
Multiple Comparisons Test, 50–200 cells for each condition from six different experiments). (C) Whole cell patch clamp recording in cells co-expressing Rab5WT and Rab4WT with de-
velopment of currents in cells overexpressing Rab5WT and co-expressing Rab4WT with following addition of Tg in normal external solution. Inset shows average current densities at
−80 mV measured in N5 cells in multiple experiments for the different conditions. (D) The current I–V relationship in cells expressing either Rab5WT alone or Rab5WT + Rab4WT.
(E) Detection of TRPC1 in the biotinylated fraction from control cells and cells expressing Rab5WT alone or Rab5WT + Rab4WT in resting condition or after treatment with Tg.
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STIM1 function.
Cargo proteins can be recycled fromEEs to the cellular surface by dif-
ferent routes: 1) fast recycling pathway, in which the cargo translocates
directly from the Rab5-containing EEs to the plasma membrane via
Rab4 vesicles; 2) slow recycling pathway, where the cargo is sorted to
a recycling compartment and then to the plasma membrane through
Rab11 vesicles; and 3) retrograde pathway, in which the cargo is deliv-
ered to the TGN and afterwards sorted to the plasma membrane
through the secretory pathway [1,48,49]. We show that the trafﬁcking
of TRPC1 is not mediated by the slow recycling or retrograde pathways.
Expression of Rab11WT or a nonfunctional Rab11 mutant in cells did
not have any effect on SOCE, and neither did disassembly of Golgi appa-
ratus and TGN using BFA. Our data also demonstrate that TRPC1 is not
targeted to late endosomes and lysosomes. Expression of Rab7WT,Rab7T27N (dominant negative mutant) or Rab7Q67L (constitutive
active mutant) did not affect SOCE in HSG cells. Furthermore, pre-
treatment with drugs that neutralizes acid vesicles, such as late
endosomes and lysosomes did not alter the Ca2+ uptake after store
depletion by Tg compared to untreated cells. In this respect TRPC1 traf-
ﬁcking appears to be somewhat different from other TRPC channels.
Translocation of TRPC6 to the plasma membrane is mediated by Rab9
and Rab11 in HEK293 cells and expression of a dominant negative
isoform of Rab9 (Rab9S21N) and Rab11WT increased the surface
expression and activity of TRPC6 [50]. Rab11 also regulated the
recycling of TRPV5 and TRPV6 to the cell surface. These channels inter-
act with Rab11 and co-localized in the recycling compartment as well.
Expression of a nonfunctional Rab11 mutant decreased Ca2+ inﬂux
and surface expression of TRPV5 and TRPV6 in Xenopus laevis oocytes
[51]. Further studies will be required to understand the exact
Fig. 7.Model depicting the role of the rapid recycling pathway in the regulation of TRPC1 trafﬁcking and function. TRPC1 is endocytosed from the plasma membrane by Arf6, sorted to
Rab5–EEs and then is recycled back to the plasmamembrane by Rab4-dependent fast recycling endosomes. This recycling carries TRPC1 to the cellular region near the plasmamembrane
where STIM1 clusters in response to ER–Ca2+ depletion.Within these ER–PM junctions, STIM1 interacts with and activates Orai1. Ca2+ entry via Orai1 triggers recruitment of TRPC1 from
Rab4-vesicles into the plasmamembrane, where the channel interacts with STIM1 and is activated. Thus, endocytic recycling via Rab4 determines clustering of TRPC1with STIM1, as well
as plasma membrane insertion and function of the channel.
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channel trafﬁcking.
An important ﬁnding in our study is that Rab4-dependent fast
recycling is involved in trafﬁcking TRPC1 from the EEs to the plasma
membrane. Indeed this is a critical step in the regulation of channel
function. Expression of Rab4WT alone induced small effects on the
sustained phase of SOCE. However, when Rab4 was co-expressed with
Rab5 it induced recovery of TRPC1 surface expression and function
following ER–Ca2+ store depletion. Regulated increase in surface ex-
pression of TRPC1 was seen in cells expressing Rab5WT + Rab4WT,
but not in those expressing Rab5WT alone or Rab5WT + Rab11WT.
This was accompanied by restoration of SOCE as well as recovery of
ISOC. During the fast recycling pathway, the protein is recycled back to
the plasma membrane via Rab4 vesicles directly from the Rab5-
containing EEs [35,48,52]. Our results suggest that overexpression of
Rab5 disrupts normal trafﬁcking of TRPC1 and induces retention of the
channel in EEs. This ismainly due to an imbalance in the relative expres-
sion of proteins regulating the trafﬁcking events. Thus, expression of
Rab4 together with Rab5, restores the balance along with regain of
TRPC1 trafﬁcking and activation. Similarly, trafﬁcking of the
voltage-gated potassium channels, Kv1.5 and Kv4.2, is also regulated
by Rab5 and Rab4 in myoblasts and HEK293 cells. Analogous to the
co-localization of TRPC1 with Rab5 and Rab4, Kv1.5 and Kv4.2 are
also present in Rab5- and Rab4-containing EEs [53,54]. Notably,
overexpression of STIM1 alone did not induce recovery of TRPC1 sur-
face expression and function. However, when expressed together
with Rab4, which facilitates forward trafﬁcking of TRPC1, the pres-
ence of STIM1 resulted in higher levels of TRPC1 activity. Earlier
studies reported by us have suggested that inactive TRPC1 interacts
with Cav1 which serves as a scaffold for TRPC1 [39,41,55]. Impor-
tantly, STIM1 displaces Cav1 during TRPC1 activation. Our previous
studies show that Cav1 is pre-clustered in the ER–PM junctions al-
though it does not co-localize with STIM1. In the absence of STIM1,
TRPC1 co-localizes with Cav1. This also agrees with biochemical data
showing that STIM1–TRPC1 interaction disrupts TRPC1–Cav1 detected
in unstimulated cells. Based on these previous data we can suggest
that Cav1 could be localized in the vicinity of STIM1 clusters and scaffold
the channel prior to insertion. Another possibility is that Cav1 couldscaffold TRPC1 within the plasma membrane after dissociation of
TRPC1–STIM1 (i.e., following store reﬁlling), and prior to Arf6-
dependent internalization. Further studies are required to determine
exactly how Cav1–TRPC1 scaffolding affects trafﬁcking of TRPC1 via
the fast endocytic recycling.
In conclusion, our ﬁndings demonstrate novel insights into the
molecular components and regulation of TRPC1 trafﬁcking in cells. The
results described above provide strong evidence that TRPC1 is internal-
ized by Arf6-mediated endocytosis and then sorted to Rab5-containing
EEs from where the channel is recycled back to the plasma membrane
via Rab4-dependent fast recycling pathway. Our data show that Arf6,
Rab5 and Rab4 are important determinants of the level and activity of
TRPC1 in the plasma membrane. In addition to these components,
TRPC1 function in the plasma membrane requires clustering of the
channel with STIM1 in ER–PM junctions, Orai1-dependent insertion of
TRPC1 into the plasma membrane and gating of the channel. However,
by delivering TRPC1 to the region of the cell where SOCE channels are
assembled, the Arf6–Rab5–Rab4 endocytic recycling pathway provides
a pool of TRPC1 that can be recruited in response to ER–Ca2+ store
depletion and gated. Activation of TRPC1 results in enhancement of
Ca2+ entry and the resulting higher [Ca2+] regulates speciﬁc cellular
functions such as activation of KCa, TMEM16A and NFκB. We propose
that coordinated endocytic recycling pathways target TRPC1 to speciﬁc
regions in the cell and thus determine the temporal and spatial aspects
of TRPC1-generated Ca2+ signals. Finally, modulation of internalization
vs. recycling regulates the amount of channels available for activation in
the plasma membrane. Further studies will be required to determine
whether the same mechanism applies to TRPC1 trafﬁcking in vivo. For
example, in polarized cells such as exocrine gland acinar cells, TRPC1
is localized primarily in the lateral membranes and its function regu-
lates key physiological processes in cells. It will be very important to
understand the trafﬁcking processes underlying plasma membrane ex-
pression and targeting of the channel to speciﬁc sites in the cell. These
locations are very important in determining the spatial and temporal
pattern of Ca2+ signals which are critical in the regulation of physiolog-
ical functions
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.07.019.
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